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Abstract 
The transmission error (TE) is a criterion in the design process for gears, as, beside a sufficient load-carrying capacity 
and good efficiency, noise performance is an important customer demand. For the micro geometry design, the tooth 
contact analysis (TCA) including the simulation of the manufacturing process for the flank topography is necessary.  
The objective of this paper is to show potential for the optimization of face-milled bevel gears. Therefore, the FE-
based TCA program ZaKo3D was developed. The potential for the acoustic optimization of ground bevel gears in 
terms of tonality reduction is discussed. Hence, the TCA is performed with a complete tooth hunting, in order to 
consider all individual flanks of the gear set. Finally, the different topography distributions for a ground design will 
be discussed in order to understand the optimization potential for a tonality reduction by imitating the lapped 
topography characteristic. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
 Keywords: Machining; Bevel gear; Tooth contact analysis; Noise; Simulation; Performance optimization
1. Introduction 
Due to an increasing competition in global markets, 
production costs need to be decreased constantly at an earlier 
stage in the design process. The bevel gear is the main 
functional component in a rear axle. Therefore, a good 
functionality in terms of excitation behavior and load carrying 
capacity is required. In the design process, one major criterion 
for the evaluation of the contact conditions of a gear set 
regarding the excitation behavior is the TE.  
The excitation behavior of gears is decisively influenced 
by the modifications of the micro geometry. In particular, 
higher modification amounts are stated for bevel gears in 
order to prevent a shift of the contact zone towards the edges 
of the active flank area due to load dependent displacements 
of the gear set. The selection of the desired micro geometry 
for optimized behavior for a torque range is the challenge in 
the bevel gear design.  
Generally, the TE is dominated by the first gear mesh order 
in the frequency spectrum distribution. Ground bevel gears, 
however, show in general a tonal order distribution, with 
pronounced tooth mesh frequencies with their higher 
harmonics and side bands phenomena. This is mainly due to 
the high reproducibility of the grinding process.  
In contrast, the material removal in the lapping process is 
of a small amount. Therefore, good qualities in the soft 
machining process combined with low distortions in the heat 
treatment process are necessary. The frequency spectrum of a 
lapped gear set show a lower tonality in comparison to ground 
gears and in general a higher basic noise emission level.  
The finite element (FE) based tooth contact analysis is a 
program for the design and analysis of gears. Therefore, a 
precise knowledge of the gear geometry is necessary. For the 
determination of the complex bevel gear geometry, 
manufacturing simulations are used.  
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Nomenclature 
φ rotation angle 
a hypoid offset 
a0 reference value acceleration 
cα profile crowning  
cβ lead crowning 
cv flank twist 
d2,e outer gear diameter  
fz gear mesh frequency 
fHα profile angle deviation 
fHβ lead angle deviation 
fsample sample frequency 
F force 
mn normal module 
M torque 
n rotational speed 
p pitch 
ptp peak-to-peak 
TE transmission error 
z number of teeth 
2. State of art 
2.1. Bevel gear manufacturing 
The geometry of the teeth of spiral bevel gears is mainly 
influenced by the choice of the soft-machining process. 
Thereby, restrictions for the following hard finishing process 
are given. The main manufacturing process for spiral bevel 
gears are the cutter head processes. The differentiation of the 
two processes, face milling and face hobbing, is justified by 
different process kinematics and defines as well the 
succeeding hard finishing process. In Fig. 1 the manufacturing 
chains for cut spiral bevel gears is shown. The major 
manufacturing steps are the machining of the blanks, the 
rough machining, the heat treatment and the hard finishing 
process.  
The face milling process is a single indexing process in 
which the work piece is standing still and the rotating cutter 
head mills a circular arc shaped tooth slot. The circular arc 
allows a grinding process with a cup grinding wheel as the 
hard finishing process. The tooth height is conical and the 
tooth gap is constant.  
The continuous face hobbing process provides a coupled 
rotational movement between work piece and cutter head. The 
coupling of the relative movement ensures that one group of 
cutting blades is lead through the tooth gap. The indexing is 
performed continuously for all gaps in the same time. The 
resulting tooth form in lead direction is a section of an 
extended epicycloid. The generation parameters of the 
epicycloid are determined by the ratio of number of teeth to 
the number of threads which corresponds to the ratio of base 
circle to roll circle of the epicycloid. The resulting lead form 
of the flanks makes a lapping process for the hard fine 
machining necessary. [1].  
 
Fig. 1. Manufacturing chain for bevel gears 
 
The grinding process for bevel gears provides a high 
reproducibility of the flank form and distortions of the heat 
treatment process can get compensated accordingly. The 
lapping process, however, allows only a small removal 
amount and may lead to a higher scatter in the topography of 
the gears.  
2.2. Simulation of bevel gears 
The tooth contact analysis is a tool not only for the design 
of gears but also for the analysis of the contact conditions. In 
Fig. 2 is the general approach for the simulation of the 
operational behavior as basis for the optimization of gears 
shown. The approach is divided in three steps; manufacturing 
simulation, gear set modelling and tooth contact analysis. 
For both, the gear set design and analysis, a precise gear 
geometry is necessary. Therefore, the kinematics of the tool 
machine are programed in the manufacturing simulation. 
Additionally, the set-up of the cutter head including the shape 
of the cutting blades and the geometry of the blank of the 
work piece are considered [2]. The tooth gap geometry is 
derived by a penetration calculation or by solving the law of 
gearing for generated gears. As a result of the manufacturing 
simulation, the gap geometry is given by a point cloud with a 
discrete resolution.  
For the simulation of the gear set at loaded conditions, a 
meshed FE-model needs to get generated. At the WZL, a 
generator for various gear geometries got developed and is 
used for the modeling. Instead of a complete gear, only a 
segment with a few teeth is considered. The cut surfaces of 
the gear segment are constraint. As a last step of the gear 
modeling for the FE-based tooth contact analysis, influence 
matrices are calculated. Hereby, unit forces of 1 N are applied 
in all three dimensions on each node of the active flank area 
and the resulting displacements of the nodes of the FE-model 
are saved in the influence matrices. The resulting deformation 
of the gear model is derived by superposition of various 
deformation shares. The influence matrices are determined for 
one macro geometry but are also valid for micro geometry 
variants as long as the geometrical deviations are small 
compared to the macro geometry [3].  
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Fig. 2. Manufacturing simulation and tooth contact analysis 
 
Finally, the analysis of the gear set in the tooth contact 
analysis can be performed. Especially, bevel gears are 
sensitive to position deviations [4]. As tolerances occur in the 
manufacturing processes and as well in the assembly process, 
it is necessary to consider the position and flank tolerance 
fields in the tooth contact analysis. Thereby, it is possible to 
generate a robust gear design [5]. 
3. Analysis of excitation behavior of bevel gears 
For the analysis of the excitation and load-carrying 
capacity of gear, numerical methods based on the FE are 
applied. At the WZL, since several years, the tooth contact 
analysis ZaKo3D is developed and validated in various tests 
[6]. ZaKo3D allows the detailed investigation of gear sets not 
only for one pitch, but for a complete tooth hunt. Thereby, the 
measured topographies of all teeth and the influence of pitch 
errors can be simulated. The output data consists of ease-off, 
contact pattern, TE graphs and frequency distributions, flank 
pressure and tooth root stresses [3]. Fig. 3 displays various 
input parameters and the output data. 
Fig. 4 shows the measured TE and the simulation of the TE 
at different levels of detail. In the study, at first, a bevel gear 
set with no hypoid offset was investigated on a bevel gear 
tester at low torque of 20 Nm at 60 min-1. The results in the 
upper left diagram show the order spectra of the measured TE. 
Here, a pronounced first (1. fz) and second gear mesh order 
(2. fz) can be identified. Furthermore, frequency shares in 
between the gear mesh orders can be noticed, with the highest 
amplitudes up to the first gear mesh order. 
 
 
Fig. 3. Topography and measurements of an ideal gear 
 
Fig. 4. Comparison of measured and simulated transmission errors 
 
Subsequently, the pitch error and the topography of all the 
teeth of the gear set were measured with a grid resolution of 
101x39 on a topography measurement machine as input data 
for the simulation in ZaKo3D. For the verification of the gear 
set position, the contact pattern from the bevel gear tester is 
compared with the simulated contact pattern and show a good 
agreement (Fig. 4 bottom left).  
In the following, the tooth contact analysis is performed. 
At first, the averaged topography of the gear set is simulated. 
As each pitch is identical, the spectrum in the top right 
diagram shows only the gear mesh order and their higher 
harmonics. Furthermore, the amplitudes have higher values 
than in the measurement. The amplitudes get reduced by the 
consideration of the pitch error and the background noise of 
the spectrum rises, but especially the amplitudes of the gear 
mesh orders are still too high. Only with consideration of the 
topography of all teeth a good correlation for the amplitude of 
the first and second gear mesh order is derived. The 
background noise is increased again and the gear mesh 
amplitudes are lowered. In particular, the amplitude of the 
first gear mesh order is meeting at the point. 
The results of the study show, on the one hand, that if the 
gear set show a topography scatter, it is necessary to consider 
the topography of all teeth, in order to receive a good 
agreement with the measurement. On the other hand, the 
results can be interpreted as an optimization potential for the 
optimization of the excitation behavior. By applying an 
intentional scatter of the topography a reduction of the 
amplitudes of the gear mesh orders can be achieved. 
4. Design of bevel gear set with topography scatter 
Hence, the optimization is applied on an exemplary 
automotive gear set with a hypoid offset (Fig. 5). The gear set 
is milled in the single indexing process and ground 
afterwards. The TE is investigated in ZaKo3D and is 
simulated with 30 positions per pitch. The load-free TE of the 
ideal ease-off geometry is shown in Fig. 5 (bottom).  
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Fig. 5. Presentation of gear set 
 
For the calculation study, two gear variants are analyzed; 
the reference variant (Fig. 5) and one variant where the ideal 
geometry is superimposed with a micro geometry scatter. The 
topography deviations are stochastically distributed and 
shown in Fig. 6 right bottom. The values are derived from 
deviations that occur in lapping processes, but can also be 
manufactured in a grinding process.  
In order to analyze the effect of the topography it is 
necessary to simulate 506 pitches for one tooth hunt. The 
diagrams on the right side of Fig. 6 show that the amplitudes 
of the gear mesh order are decreased for the complete torque 
range. Thereby, the effect that was observed in the simulation 
of Fig. 4 can be confirmed.  
In order to understand the frequency distribution and the 
effect of the topography scatter of the background noise the 
logarithmic diagram of the TE is shown in Fig. 7. It is clearly 
noticeable that the amplitude reduction is accompanied by the 
increase of the background noise. Especially, the frequency 
range until the first gear mesh frequency is emphasized with 
amplitudes higher than 1 µrad. For higher frequencies, the 
background noise is constantly decreasing with values lower 
0.1 µrad.  
From the evaluation of the quasistatic TE, it can be stated 
that the variant with the micro geometry scatter has decreased 
amplitudes of the gear mesh order and the higher harmonics 
with an increased background noise.  
 
 
Fig. 6. Amplitudes of the tooth mesh frequencies for the quasistatic TE 
 
Fig. 7. Frequency spectra of the quasistatic loaded TE 
 
5. Simulation of the dynamic excitation behavior 
For the further analysis, the impact of the decreased gear 
mesh excitation and the increased background noise is 
analyzed in a dynamic simulation. The noise emission of a 
gear set depends on the interaction between tooth mesh and 
structure behavior of the drive train. The eigenfrequencies of 
a structure are constant while the excitation frequencies of the 
gear set are rising with increasing speed. When the gear mesh 
frequency meets the eigenfrequencies it may lead to a 
dynamic elevation of the load.  
For the simulation of the dynamic excitation behavior, a 
procedure for considering the exciting gear mesh forces in the 
dynamic simulation got developed at WZL. The method is 
implemented in a data field based force coupling element [7, 
8].  
The basis is given by the manufacturing simulation and the 
definition of the gear set macro and micro geometry. In the 
next step, the TE of the gear set under changing operational 
conditions for one tooth hunt is determined. The results of the 
simulation are saved in the three dimensional data field 
depending on the torque respectively the tooth normal force 
and the pitch position.  
Subsequently, a torsional oscillator model of a test fixture 
set-up for input and output of the drive train is modeled and 
connected via the data field based force coupling element. 
Hereby, only the rotational degree of freedom is focused. The 
force coupling element uses afterwards the kinematic state 
variables angular position and rotational speed of the gears 
and calculates with the data fields the reaction forces at the 
pinion and the gear. They are subdivided according to the 
equations of motion in the tooth spring force and the damping 
force.  
Fig. 8 shows the mechanical model of the tooth mesh of a 
bevel gear set. Firstly, the summed TE is determined. With 
the angular position of the gears, the corresponding load-free 
TE can be subtracted from the summed TE. The result is the 
load depending TE share which is caused by the load 
depending deformation of the gear set. Finally, by use of the 
data field from the tooth contact analysis, the tooth normal 
force can be calculated. 
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Fig. 8. Mechanical model for the tooth meshing 
 
In the following, a speed ramp on a virtual test rig is 
performed with a constant output torque of 425 Nm and a 
speed gradient of 100 min-1/s from 0 to 5000 rpm. The 
evaluation of the excitation behavior is accomplished with the 
rotary differential acceleration.  
Fig. 9 shows the results of the speed ramps for both micro 
geometry variants. It is noticeable that the upper diagram of 
the reference ground variant shows a tonal noise spectrum 
with a pronounced tooth mesh frequency and their higher 
harmonics. Furthermore, it can be stated that even if 
amplitudes in the TE spectrum are below 0.1 µrad, they are 
clearly seen in the dynamic spectrum. The bottom diagram 
with the micro geometry deviation provides a different 
picture. The spectrum of the dynamic differential acceleration 
provides a higher background noise level which is caused by 
the higher noise level of the TE spectrum. But, nevertheless, 
the amplitudes of the gear mesh frequencies are reduced and, 
by that, the tonality as well.  
Fig. 10 confirms the tonal excitation of the reference gear 
set and the noise reduction for the variant with the micro 
geometry scatter by presenting the averaged order spectra. 
The reference gear set show the pronounced gear mesh orders 
in contrast to the background noise. The level values for the 
first three gear mesh orders are above 130 dB(A) and are then 
decreasing constantly down to 110 dB(A) for the 10th order. 
The averaged spectrum of the second variant with the micro 
geometry scatter, however, shows a less distinctive 
characteristic of the gear mesh orders which is affected by the 
increased background noise. Nevertheless, especially starting 
from the 3rd gear mesh order the level values are decreased in 
comparison to the reference variant by 10 dB(A). 
 
 
Fig. 9. Frequency spectrum of the angular acceleration^ 
 
Fig. 10. Averaged order spectrum 
 
6. Summary 
The excitation behavior of a gear set is a fundamental 
quality criterion which needs to be considered in the design 
process. Therefore, manufacturing simulation programs and 
tooth contact analysis programs are used for the evaluation of 
the operational behavior. Usually, different micro geometry 
designs are simulated within the tooth contact analysis in 
order to define the compromise between a sufficient load-
carrying capacity and an acceptable noise behavior. The key 
value for the excitation behavior is the TE of a gear set. 
The comparison of the measured and the simulated TE 
showed that the FE-based tooth contact analysis ZaKo3D is 
capable of giving a good agreement between simulations and 
testing. The requirement is that the scatter of the topography 
is known and, if necessary, considered in the simulation. The 
comparison of the simulation with the averaged topography 
and the simulation with the consideration of all teeth showed 
difference of more than 50 %. Additionally, the results lead to 
the concept that by applying a targeted topography scatter, it 
is possible to reduce the TE respectively the excitation level. 
Therefore, the method is applied for an exemplary gear set. 
Two variants are investigated; a ground target topography is 
calculated and as well a variant with a scatter in the 
topography deviations. The topography scatter is derived from 
a possible lapping process, but can be also applied on purpose 
in the grinding process. By applying the micro geometry 
scatter from tooth to tooth, the results of the TE calculation 
show that the amplitudes of the tooth mesh frequencies 
decrease. In parallel, the amplitudes of the frequencies in 
between the tooth mesh frequencies are rising. The TE of the 
ground reference shows a tonal distribution.  
Furthermore, the dynamic excitation behavior is analyzed. 
For the simulation of the dynamic excitation behavior, a 
method is being developed that considers the exciting forces 
that are caused by the tooth mesh. This method is realized in 
the data field based force coupling element. Therefore, 
stiffness data fields based on the TE simulations are 
calculated. In the next step, speed ramp simulations are 
performed. Here, the tonal characteristic of the ground variant 
is even more amplified, where the tooth mesh up to the tenth 
order are dominant in the averaged order spectrum while there 
is almost no background noise level. On the contrary, the 
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averaged order spectrum of the variant with the topography 
scatter shows a increased background noise but the tooth 
mesh orders are clearly reduced. The results of the speed ramp 
simulations show that by applying a scatter of the topography 
on the flank, the amplitudes of the TE can be reduced.  
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